The plasminogen cascade of serine proteases directs both development and tumorigenesis in the mammary gland. Plasminogen can be activated to plasmin by urokinase-type plasminogen activator (uPA), tissue-type plasminogen activator (tPA), and plasma kallikrein (PKal). The dominant plasminogen activator for mammary involution is PKal, a serine protease that participates in the contact activation system of blood coagulation. We observed that the prekallikrein gene (Klkb1) is expressed highly in the mammary gland during stromal remodeling periods including puberty and postlactational involution. We used a variant of ecotin (ecotin-PKal), a macromolecular inhibitor of serine proteases engineered to be highly specific for active PKal, to demonstrate that inhibition of PKal with ecotinPKal delays alveolar apoptosis, adipocyte replenishment, and stromal remodeling in the involuting mammary gland, producing a phenotype resembling that resulting from plasminogen deficiency. Using biotinylated ecotin-PKal, we localized active PKal to connective tissue-type mast cells in the mammary gland. Taken together, these results implicate PKal as an effector of the plasminogen cascade during mammary development.
The plasminogen cascade of serine proteases regulates both development and tumorigenesis in the mammary gland (1, 2) . The ultimate effector in this cascade, plasminogen as its active form, plasmin, is mediated by an intricate cascade of plasminogen activators and protease inhibitors. Plasminogen-deficient mice exhibit significant defects in lactational competence and post-lactational mammary gland involution (2) , the process by which the differentiated, lactating gland remodels after the cessation of lactation to a state approaching that of the non-pregnant animal. The effect of plasminogen loss is exacerbated after a round of pregnancy and lactation: plasminogen-null mammary glands have poorly developed secretory alveoli during lactation, and upon involution, never fully involute. Instead, the secretory alveoli fail to regress normally. Moreover, the stroma becomes fibrotic and is cleared incompletely of partially degraded epithelial basement membrane. Because plasminogen-deficient mice largely are unable to support a second round of pregnancy and lactation (2) , this suggests that the involution defect is not overcome by activities of other proteases eventually. These studies establish plasminogen as a crucial protease in normal mammary gland biology.
Plasminogen is synthesized in the liver and circulates as a zymogen through blood plasma to all vascularized tissues of the body. As this expression and circulation are constant, activation of the plasminogen cascade must be controlled locally to avoid rampant tissue proteolysis. Accordingly, plasminogen can be activated to plasmin by urokinase-type plasminogen activator (uPA), 2 tissue-type plasminogen activator (tPA), and plasma kallikrein (3) . Though tPA and uPA are efficient and well characterized plasminogen activators, studies of mice singly as well as doubly targeted for deficiency of these plasminogen activators show they do not recapitulate the mammary gland phenotype of plasminogen deficiency (4) . Instead, through use of variants of ecotin, a macromolecular inhibitor for serine proteases derived from Escherichia coli, we have previously suggested that the dominant plasminogen activator for mammary stromal involution is plasma kallikrein (PKal) (4) .
PKal, the activated form of the zymogen prekallikrein encoded by the Klkb1 gene, is an 80-kDa serine protease that also is synthesized in the liver and circulates in plasma at about 40 -50 g/ml. PKal participates in the contact activation system of intrinsic coagulation by activating high molecular weight kininogen into bradykinin (5) (6) (7) (8) . While plasma kallikrein is so-named due to its bradykinin-generating ability, it is in fact structurally and catalytically distinct from the large family of tissue kallikreins, which activate an alternate form of bradykinin from both high and low molecular weight kininogen (9) . Moreover, PKal activates plasminogen into plasmin in vitro (3), albeit less efficiently than uPA and tPA.
To determine the role of PKal in plasminogen activation in vivo in mammary gland involution, we used a variant of ecotin that was engineered to be highly specific for active PKal (10) . This ecotin variant, named ecotin-PKal, inhibits plasminogen activation in vivo in a model of wound healing (11) . In this study, we demonstrate that inhibition of PKal significantly delays mammary gland involution.
EXPERIMENTAL PROCEDURES
Experimental Animals-Care of animals and all animal experiments were performed in accordance with protocols approved by the UCSF Institutional Animal Use and Care Committee (IACUC). For postlactational mammary gland involution studies, pregnant female CD1 mice (Charles River Laboratories) gave birth naturally, then offspring number was normalized to 8 per mouse for each experimental animal. Offspring were weaned after 10 days of lactation, which became day 0 of involution. On days 1-4 of involution, mice were injected intraperitoneally every 12 h with either normal saline or 100 g of ecotin-PKal as previously described (4) . Animals were sacrificed on day 5 of involution (n ϭ 8/group) and mammary glands were harvested. Animals were also sacrificed on each of days 1-4 of involution or were treated for days 1-4 then allowed to recover until sacrifice on day 9 of involution (n ϭ 2/time point).
For PKal localization experiments, wild-type FVB and CD1 mice were obtained from Charles River Laboratories. C57BL/ 6J-Kit W-sh/W-sh mice were obtained from the Jackson Laboratory and C57BL/6 mice were obtained from Charles River Laboratories. Dipeptidyl peptidase I (DPPI (Ϫ/Ϫ)) knock-out mice (12) were provided by Dr. Lisa Coussens (UCSF). For all mouse mammary models, thoracic mammary glands 2 and 3 were removed for RNA or protein collection, and/or abdominal mammary glands 4 were removed for microscopic analysis. To inhibit mast cell degranulation, CD1 female mice (Charles River Laboratories) were injected intraperitoneally with 50 mg/kg body weight sodium cromoglycate (Sigma) dissolved in saline as previously described (13) , and then 2 h later, mammary glands were removed for analysis.
Preparation of Ecotin-PKal-A pTacTac expression vector containing the Ecotin-PKal gene was transformed into XL-1 blue (Stratagene, La Jolla, CA) competent E. coli and grown at 37°C in 2xYT media with carbenicillin at 100 g/ml to an A 600 ϭ 0.4. Isopropyl-␤-D-thiogalactoside was added to 0.5 mM concentration and incubated overnight at 37°C. The cell culture was harvested by centrifugation, and the cell pellet was resuspended in 25% sucrose 10 mM Tris-HCl, pH 8.0. The cell suspension was then treated for 2 h with lysozyme and EDTA at final concentrations of 1.5 mg/ml and 50 mM, respectively, to release the periplasmic protein content. The cell debris was pelleted, and the resulting supernatant was dialyzed against 1 mM HCl. The dialysate was again centrifuged to remove any precipitated material and then adjusted to pH Ͼ 7.0 with 1 M Tris, pH 8.0. NaCl was added to the supernatant to a final concentration of 300 mM and the solution was boiled in water at 100°C for 10 min. Denatured material was removed by centrifugation, and the solution was dialyzed against distilled water overnight. The dialysate was concentrated to Ͻ5 ml by membrane ultrafiltration using Amicon YM-10, (Millipore, Billerica, MA) and then syringe-filtered (0.22 M). Trifluoroacetic acid was added to 0.1% and Ecotin-PKal was purified from a C4 semi-prep column (Vydac, Deerfield, IL) using an acetonitrile gradient. Ecotin-PKal typically eluted at 35% acetonitrile, 0.1% trifluoroacetic acid water (v/v). Fractions corresponding to Ecotin-PKal were lyophilized, re-dissolved in distilled water, and stored at 4°C for later use.
Ecotin-PKal Inhibition Kinetics-Active mouse plasmin was obtained from Haematologic Technologies Inc. (Essex Junction, VT). Recombinant mouse plasma kallikrein (R&D Systems, Minneapolis, MN) was obtained as a pro-enzyme and activated with thermolysin (R&D Systems) as described by the manufacturer. All binding titrations and dilutions of reagents were carried out in reaction buffer: 50 mM Tris pH 7.5, 150 mM NaCl, 0.005% Tween 20. Ecotin-PKal was diluted to final concentrations ranging from 1 nM to 100 M for plasmin assays and from 0.1 pM to 10 M for plasma kallikrein assays. In the binding assays, plasmin and plasma kallikrein were present at 10 nM and 1 nM, respectively. The reactions were performed in triplicate in a 96-well plate with a final volume of 250 l. The reactants were incubated at 37°C for 4 h. After the incubation time, the activity was measured by addition of a p-nitroanilide peptide substrate and then by monitoring the absorbance ( ϭ 405 nm) at room temperature. Plasmin activity was measured using the S-2251 substrate (Chromogenix, Milano, Italy) at a final concentration of 600 M. Plasma kallikrein activity was measured using the S-2232 substrate (Chromogenix) at a final concentration of 800 M. Initial velocities of the reaction were calculated using Softmax Pro Software (Molecular Devices, Sunnyvale, CA). The rates were averaged over all three trials. The average rates were normalized to the rate of the negative control (0 nM ecotinPKal) sample to yield V/V max . The rates were plotted versus ligand (ecotin-PKal) concentration and fitted to V/V max ϭ 1 Ϫ L/(IC 50 ϩ L) using Kaleidograph (Synergy Software, Reading, PA) to determine the K i for each of the enzymes.
Western Blotting and Affinity Chromatography-Mammary glands were lysed in pH 8 radioimmune precipitation assay buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% Nonidet P-40, 0.5% deoxycholate, and 0.1% sodium dodecyl sulfate (SDS)) plus complete protease inhibitors, homogenized, then centrifuged at 14,000 rpm at 4°C to collect supernatant. EcotinPKal biotinylated with Sulfo-NHS-LC-LC biotin (EZ-Link, Pierce) was used to generate affinity chromatography columns using immobilized streptavidin beads (Pierce). Mammary lysates (1 mg) were added to the columns and incubated for 2 h at 4°C. PKal was detected by Western blotting of mammary lysates, column flow-thru, and column beads boiled in sample buffer. Samples were separated by electrophoresis under reducing, denaturing conditions on 4 -12% bis-Tris acrylamide gels (Invitrogen, Carlsbad, CA) and then blotted onto polyvinylidene difluoride membranes (Amersham Biosciences, Piscataway, NJ). Membranes were blocked with 5% nonfat milk and 0.1% Tween in PBS and incubated overnight with a polyclonal antibody raised against recombinant mouse KLKB1 (1:1000, R&D Systems) in blocking solution. Membranes were washed and incubated with donkey anti-goat IgG (1:2000, Amersham Biosciences) before detection with ECL chemiluminescent reagent (Amersham Biosciences).
Histology, Immunohistochemistry, and ImmunofluorescenceRight no. 4 mammary glands were removed, weighed, and immediately embedded in OCT (Sakura, Torrance, CA) medium on dry ice. Left no. 4 mammary glands were removed and fixed overnight in 4% paraformaldehyde at 4°C, then processed for paraffin embedding. 5-m frozen or paraffin sections were cut for use in histology, enzyme histochemistry, immunohistochemistry, and immunofluorescence. To visualize gland lipid content, frozen sections were fixed additionally overnight in 4% paraformaldehyde, then rinsed in PBS, and air-dried for Ն3 h. Slides were then stained in Oil Red O (60% saturated Oil Red O (Sigma, 0.5% in isopropyl alcohol); 40% (1% type III corn dextrin (Sigma) in distilled water)) for 20 min. Slides were rinsed in PBS then counterstained briefly in Gill's hematoxylin (Sigma) and rinsed and stored in PBS. To examine overall gland morphology and stromal composition, Masson's Trichrome (Sigma) was used to stain paraffin sections according to the manufacturer's instructions. To visualize collagen content in the glands, paraffin sections were stained with 0.1% sirius red in saturated picric acid (picro-sirius red) (14) and observed under polarizing light. We identified apoptotic cells in paraffin sections of mammary tissue using an antibody against caspasecleaved cytokeratin 18 (M30 CytoDEATH, Roche, Mannheim, Germany), a marker of cells undergoing apoptosis (15) . Positively stained cells were visualized with mouse-on-mouse immunodetection (Vector Laboratories, Burlingame, CA) and 3,3Ј diaminobenzidine (Fast DAB, Sigma).
To visualize mast cells, frozen sections were air-dried for ϳ30 min, post-fixed in ice-cold acetone for 10 min, rinsed in PBS, and then stained in either Toluidine blue (a metachromatic dye for mast cells, made up as 0.1% Toluidine blue O (Sigma) in 1% sodium chloride, pH 2.3), Csaba stain (Alcian blue/Safranin O, an amine/heparin stain for mast cells, made up as 0.36% Alcian blue (Sigma), 0.018% Safranin O (Sigma) in acetate buffer, pH 1.42), or by using an enzymatic reaction with naphthol AS-D chloroacetate esterase (Sigma) to detect chymase activity (16) , then counterstained with Gill's hematoxylin or DAPI. For inhibitor-localization, frozen sections were prepared as above, then incubated overnight with 50 nM ecotinPKal (10) biotinylated with Sulfo-NHS-LC-LC biotin (EZ-Link, Pierce), followed by 1-h incubation with Alexa 488-conjugated streptavidin (Invitrogen). Plasma kallikrein immunohistochemistry was performed on paraffin sections following sodium citrate antigen retrieval using a polyclonal antibody against recombinant mouse KLKB1 (R&D Systems) 1:50 overnight at 4°C followed by a 30 min incubation with biotinylated anti-goat IgG secondary antibody (Amersham Biosciences) visualized using Vectastain ABC (Vector Laboratories) and 3,3Ј diaminobenzidine (Fast DAB, Sigma).
Histological and immunochemical images were acquired at 100ϫ or 200ϫ using a Leica DMR microscope and Leica FireCam with accompanying software. Images were then imported into Adobe Photoshop software for analysis. Quantification of apoptotic cells was performed by counting the number of CytoDEATH ϩ cells in lumen spaces per 100ϫ field. Quantification of lipid content was performed by measuring the number of Oil red O ϩ pixels per 100ϫ field and expressing this as a percentage of the total field. Quantification of collagen was performed by measuring the number of collagen ϩ pixels per 200ϫ field and expressing this as a percentage of the total field. A minimum of 4 independent images per animal in each group was analyzed for each assay.
Real-time Quantitative Polymerase Chain Reaction-Total
RNA was isolated from thoracic mammary glands cleared for muscle and lymph tissue at 3 weeks, 5 weeks, 15 days pregnant, 10 days lactating, and 4 days involuted CD1 mice. Liver tissue was used as a positive control. RNA isolation was performed using the RNA-Bee (Tel-Test, Inc., Friendswood, TX) phenol/ guanidine thiocyanate/chloroform method for RNA isolation and concentration of RNA was measured spectrophotometrically. 5 g of total RNA was used to perform reverse transcriptase polymerase chain reaction using Superscript II reverse transcriptase oligo(dT) reagents (Invitrogen). cDNA products were electrophoresed in 1% agarose/TAE gels to check thoroughness of the reverse transcriptase reaction.
Real-time quantitative polymerase chain reaction (RTqPCR) was performed by the Biomolecular Resource Center at the University of California, San Francisco. Klkb1 gene expression was normalized against expression of hypoxanthine phosphoribosyltransferase (HPRT), and reported as a RQ score relative to Klkb1 expression in 5-week-old mammary glands. Oligonucleotide primers and TaqMan probe used were as follows: Klkb1 (1272): forward primer: 5Ј-TGGTCGCCAAT-GGGTACTG-3Ј; Klkb1 (1342): reverse primer: 5Ј-ATAT-ACGCCACACATCTGGATAGG-3Ј; Klkb1 probe:
PCR was conducted in triplicate with 20-l reaction volumes of TaqMan Universal PCR Master Mix (Applied Biosystems), 0.9 mM of each primer, 250 nM probe, and 5 l of cDNA. The PCR reaction was performed under the following conditions: 95°C, 10 min, 1 cycle; 95°C, 15 s then 60°C, 2 min, 40 cycles. Analysis was carried out using the sequence detection software (SDS 2.1) supplied with TaqMan 7900HT (Applied Biosystems).
RESULTS

Ecotin-PKal Is Specific for Human and Mouse Plasma
Kallikrein-Previous work conducted in this laboratory suggested that plasma kallikrein is a regulator of in vivo adipogenesis in the mammary gland during involution (4). However, the ecotin and ecotin variant (ecotin RR) used in the previous study target numerous serine proteases, including uPA in addition to PKal (17) . Therefore, we used a recently developed variant of ecotin that has picomolar specificity for PKal (ecotin-PKal), while having K i * values four to seven orders of magnitude higher for related serine proteases. Importantly, the K i * of ecotin-PKal for human plasmin is six orders of magnitude higher than the K i * for human PKal, and seven orders of magnitude higher for the human plasminogen activators uPA and tPA (10) . The only other protease that ecotin-PKal inhibits with reasonable (260-fold less) effectiveness is human Factor XIIa (10). This inhibition does not interfere with our investigation of the effects of PKal activity as PKal interacts with Factor XIIa as part of a reciprocal activation loop. Ecotin-PKal binding to serine proteases follows slow-tight binding kinetics (18) .
To validate specificity in our mouse model system, binding titrations against mouse plasmin and mouse PKal were performed using ecotin-PKal as a ligand and measuring remaining (uninhibited) enzyme activity using p-nitroanilide substrates (Fig. 1A) . The apparent affinities (K i ) of ecotin-PKal for mouse PKal and mouse plasmin were determined to be 40 nM and 60 M, respectively. The affinity of ecotin-PKal for mouse PKal is still 1000-fold greater than its affinity for mouse plasmin, although less than for human PKal. Therefore, to inhibit PKal in vivo during mammary gland involution, we estimated that in our dosing regimen, peak circulating concentrations of ecotinPKal in mouse plasma approach 2 M, nearly 30-fold less than the apparent K i for ecotin-PKal inhibition of plasmin. 3 Thus, the effects of ecotin-PKal administration are due to the inhibition of mouse PKal and not of mouse plasmin in our model system.
We collected mammary glands from 4-day involuting mammary glands, when PKal is highly expressed in these tissues (see below), to determine whether ecotin-PKal can bind active PKal from mammary tissue lysate. Using biotinylated ecotin-PKalbound streptavidin beads, we pulled down PKal from mammary gland lysates (Fig. 1B) . The bands indicated on the blot represent the full-length protein (ϳ80 kDa), and in its active form under reducing conditions, PKal heavy (ϳ42 kDa) and light (ϳ28 kDa) chains, which have at least one and two identified N-glycosylated Asn residues, respectively, according to the SwissProt Protein Data base. Similar results were obtained from 5-week-old virgin mammary gland lysates (data not shown). These data confirm that ecotin-PKal binds PKal found in the mammary gland.
Mouse Plasma Kallikrein Is Differentially Expressed in the Developing Mammary Gland-Prekallikrein (gene: Klkb1), the precursor of PKal, is expressed in a variety of mouse and human tissues outside of the liver (19 -21) . Accordingly, we wished to determine whether PKal is expressed in the mammary gland, and if its expression is altered during different phases of mammary gland development, when careful regulation of plasminogen activation is required.
The process of pubertal mammary gland development begins around 3 weeks of age and continues until the advancing ductal epithelium reaches the end of the fat pad, around 8 -10 weeks of age. We examined Klkb1 gene expression in the mouse mammary gland at different postnatal development time points (3 weeks, 5 weeks, 15 days pregnant, 10 days lactating, and 4 days involuting) by RT-qPCR. Klkb1 mRNA was abundant during pubertal development, when the mammary gland is undergoing active remodeling as the ductal epithelium expands and advances through the stromal fat pad ( Fig. 2A) . During pregnancy and lactation, when the stroma has largely been replaced by secretory alveoli and extensive ductal structures, Klkb1 mRNA was markedly reduced. Klkb1 mRNA increased significantly during mammary gland involution, when the secretory epithelial structures die by apoptosis and the mammary stromal compartment is replenished. These findings indicate that PKal is produced in the mammary gland, and that its increased expression levels correlate with periods of stromal remodeling.
Biotinylated Ecotin-PKal Localizes Active Plasma Kallikrein to Mast Cells-Prekallikrein is expressed in the mammary gland in addition to circulating prekallikrein from the liver. However, it is active PKal that is inhibited by ecotin-PKal in vivo, resulting in repressed mammary gland involution. Therefore, we wished to identify which cells in the mammary gland are the sites of PKal activity. We used the biotinylated form of ecotin-PKal to localize the active protease in 5-day-involuting mammary gland tissue sections, taking advantage of ecotinPKal's high affinity for the active form of PKal. Biotinylated ecotin-PKal stained a subset of cells in the mammary gland (Fig.  2B) , and this staining was absent in the presence of a 1000-fold excess of non-biotinylated ecotin-PKal (Fig. 2C) . The ecotinPKal-positive cells were clustered near blood vessels, ducts, and scattered throughout the fatty stroma and the loose connective tissue surrounding the mammary fat pad (Fig. 2D) . We identified these active PKal ϩ cells as mast cells, as shown by Csaba staining of serial tissue sections (Fig. 2E) . We confirmed that PKal localizes to mammary gland mast cells by direct immunohistochemical staining for PKal using a polyclonal antibody against mouse KLKB1, followed by counterstaining with Tolu-3 C. Craik, unpublished data. FIGURE 1. Ecotin-PKal inhibits mouse plasma kallikrein and binds PKal isolated from mammary gland lysates. A, binding assays were performed to determine K i values for ecotin-PKal to mouse PKal or plasmin. After a 4-h incubation at 37°C, remaining protease activity was measured using a p-nitroanilide substrate (see "Experimental Procedures"). Reaction velocities were averaged over three trials and normalized to the baseline reaction velocity. The apparent K i of ecotin-PKal for mouse PKal was determined to be 40 nM; the K i for mouse plasmin was determined to be 60 M. B, protein lysates from 4-day-involuting mammary glands were run over either streptavidinonly beads (no ecotin-PKal) or streptavidin beads bound with biotinylated ecotin-PKal (ϩ ecotin-PKal). Flow-thru from the columns was collected, and bead-bound proteins were eluted by boiling the beads in sample buffer. All samples were subjected to electrophoresis and Western blotting using an antibody against mouse prekallikrein (␣-mouse KLKB1, R&D Systems). The bands likely represent full-length PKal (ϳ80 kDa), its heavy chain (42 kDa, unglycosylated), and its light chain (28 kDa, unglycosylated) . mPKal, mouse prekallikrein peptide, R&D Systems), against which the antibody was raised. idine blue, another mast cell-specific stain (Fig. 2, F and G) . These data represent a novel connection between active plasma kallikrein and mast cells.
Mast cells in both mice and humans can be subdivided into two general classes, connective tissue and mucosal, according to tissue of origin, staining properties, proteoglycan and protease content, and histamine concentration (22) . Connective tissue-type mast cells are predominantly found in skin and the peritoneal cavity, while mucosal-type mast cells are found in the lamina propria of the small intestine and in the lung. Because PKal localization to mast cells has not previously been demonstrated, we tested the ability of ecotin-PKal to localize the active protease to different mast cell types in other tissues. We found that ecotin-PKal-stained connective tissue-type mast cells of the skin and tongue (Fig. 3, A and B) , but not the mucosal-type mast cells of the intestine (Fig. 3D) . Importantly, we also did not see ecotin-PKal staining in the liver (Fig. 3C) , where prekallikrein is produced for circulation in the plasma, thus demonstrating the specificity of the inhibitor for the active form of the protease.
Plasma Kallikrein Specifically Localizes to Mast Cell Granules-To determine the subcellular localization of ecotinPKal in mast cells, we co-stained cells for chymase activity using naphthol chloroacetate esterase, a marker of mast cell granule chymase that appears red in both brightfield and fluorescent microscopy (16) . PKal localized to the cytoplasmic granules of mast cells in wild-type mice (Fig. 4A) . Ecotin-PKal staining was absent in mammary glands of mast cell-deficient Kit mutant W-sash mice (23) , supporting the observation that active PKal is only seen in mast cells in the mammary gland (Fig. 4B) . By confocal microscopy, we pinpointed the subcellular localization of active PKal to mast cell granules (Fig. 4C) . However, not all granules stained positively for ecotin-PKal within a specific mast cell, and ϳ10% of observed mammary mast cells were not positive for active PKal (data not shown). These observations suggest that PKal-mast cell interactions are context-specific, though the mechanisms for this interaction still need to be identified.
We then asked whether the localization of PKal to mast cell granules depended on the activation state of the mast cell by stabilizing mast cells or by using mutant mice that have a defect in activating their mast cell serine proteases. To stabilize mast cells from degranulation, we used cromolyn sodium, which is thought to inhibit the calcium ion influx that is required to trigger mast cell degranulation (24) . Dipeptidyl peptidase I (DPPI, or cathepsin C)-deficient mice have mast cells that can degranulate, yet their mast cell proteases are either inactive or downregulated (25) . We compared ecotin-PKal/chloroacetate esterase staining in mammary gland mast cells in wild-type, mast cell-stabilized, and mast cell protease-inactivated mice. In normal, wild-type adult virgin mice, ecotin-PKal localized specifically to mast cell granules (Fig. 4D) . In mice treated with cromolyn sodium, active PKal localization changed to a "halo" surrounding the mast cells in the majority of cells observed (Fig. 4E) . Mammary mast cells from DPPI- deficient mice did not stain for active PKal (Fig. 4F) , suggesting that DPPI activity is upstream of PKal activation. These changes in active PKal location relative to mast cell activity and mast cell protease activation suggest a potential interaction between plasma kallikrein activation and mammary gland mast cells.
Inhibition of Plasma Kallikrein Delays Mammary Gland Stromal
Involution-We then determined the role of PKal in mammary gland involution. Mammary gland involution is a two-step process: first, the milk-producing alveolar cells apoptose, then the mammary gland undergoes a protease-dependent wave of matrix remodeling which allows the repopulation of the mammary stroma by unilocular adipocytes (26, 27) . To determine the physiological function of PKal during mammary gland involution, we treated mice for the first 4 days of involution after pup weaning (days 1-4 of involution) with either ecotin-PKal or vehicle control (normal saline). On the fifth day, mammary glands were harvested and assessed by multiple means for markers of involution.
As extracellular matrix (ECM) remodeling is a key regulator of the adipocyte maturation process, allowing the cell shape changes that turn on pro-adipogenic transcription factors in differentiating adipocytes (28 -30) , insufficient remodeling of the mammary gland stroma during involution would delay return of an adipocyte-rich mammary fat pad. On day 5 of involution, ecotin-PKal-treated animals had significantly reduced mammary gland lipid, and morphologically fewer and less mature adipocytes in the involuted stroma (Fig. 5, A and B) . Staining of ecotin-PKal-treated mammary glands for lipid showed that PKal is required for sufficient ECM remodeling to promote the regeneration of mature, lipid-filled adipocytes to the mammary gland stroma.
We next visualized stromal ECM deposition in ecotin-PKaltreated glands. We confirmed that the mammary glands did not undergo normal ECM remodeling associated with involution. The ecotin-PKal-treated glands had significantly increased deposition of collagen around poorly involuted epithelial structures, along with immature, cytoplasm-rich stromal cells, indicating decreased lipid accumulation (Fig. 5, C and D) . We then used picro-sirius red, which stains fibrillar collagen, to examine the location of collagen deposition. Under polarized light fibrillar collagen is birefringent and thick and thin collagen fibers can be distinguished (14) . In control glands, thick collagen fibrils were seen rarely throughout the stroma, surrounding epithelial areas and large blood vessels, while thin collagen fibrils were scattered throughout the stroma (Fig. 5E) . However, in ecotin-PKal-treated glands, thick collagen fibrils were abundant, with thin collagen fibrils only appearing in areas with mature adipocytes (Fig. 5E ). These data suggest that PKal promotes adipocyte maturation and lipid replenishment in the mammary gland during involution and that this is related to collagen remodeling as the secretory epithelium regresses. This reduction in lipid replenishment was grossly evident in a comparison of mammary gland weights, which were significantly reduced in ecotin-PKal-treated glands as compared with controls (Fig. 5F ). Thus, without PKal activity, the preadipocytes have a reduced ability to return to their mature round, unilocular lipid-filled shape, and collagen deposition takes place instead. Overall, these results demonstrate that inhibition of PKal for the first 4 days of mammary gland involution severely inhibits the stromal remodeling that is required for proper lipid replenishment of the post-lactational mammary gland.
Plasma Kallikrein Promotes Epithelial Apoptosis in the First Phase of Mammary Gland Involution-
The primary phase of alveolar regression is accomplished through epithelial apoptosis, in which differentiated lobuloalveolar epithelial cells die without remodeling in the surrounding stroma. This is followed by the secondary, remodeling phase of mammary gland involution (27, 31) . We examined ecotin-PKal-treated mammary glands in early involution for alterations in epithelial cell death that could delay or inhibit subsequent remodeling. We stained mammary glands on days 1 through 3 of ecotin-PKal treatment for caspase-cleaved cytokeratin 18 as a marker of epithelial cell apoptosis (15) . On day 1 of involution, few cells were apoptotic, but by day 2, control glands had high numbers of apoptotic alveolar epithelial cells while ecotin-PKal-treated glands remained unchanged (Fig. 6, A and B) . By day 3 of involution, ecotin-PKal-treated glands began to show increased yet still significantly fewer apoptotic cells (Fig. 6, A and B) , suggesting that other mechanisms eventually overcome the effect of PKal inhibition on epithelial apoptosis. By day 4 of involution, most alveolar structures had collapsed and stromal remodeling was fully underway in control glands, while ecotin-PKal-treated glands were more heterogeneous, with some areas undergoing apoptosis, some areas beginning to undergo stromal remodeling, and some areas consisting of barely changed alveoli (data not shown). These time course data indicate that the delay in stromal remodeling observed at day 5 of involution is due to delays in secretory epithelial apoptosis observed in the first phase of involution caused by PKal inhibition. Taken together, we conclude that PKal activity plays a significant role in epithelial apoptosis in mammary gland involution.
Inhibition of Plasma Kallikrein Alters Epithelial-Stromal Balance during the Two Phases of Mammary Gland Involution-
Our data indicate that PKal activity regulates both secretory epithelial apoptosis in the first phase of involution and subsequent stromal remodeling and lipid replenishment in the second phase. To obtain macroscopic evidence of this effect of PKal, we compared mammary gland weights of ecotin-PKaltreated glands to controls throughout the treatment period. Ecotin-PKal-treated glands initially weighed more than controls, representing a delay in secretory alveolar collapse; once apoptosis began in treated glands, they began to weigh less than control counterparts, representing a delay in adipocyte maturation and lipid replenishment (Fig. 7B) .
We then treated mice with ecotin-PKal from days 1-4 of involution and allowed them to recover for 5 days. We found that the early differences under the influence of ecotin-PKal observed in mammary weights (Fig. 7B ) and lipid staining (Fig.  7, A and C) were not fully relieved by day 9 of involution after a 5-day recovery period. Therefore, though inhibition of PKal is reversible, the return of PKal activity is not sufficient for the completion of the mammary gland involution process in a timely manner.
DISCUSSION
In this study we have shown that plasma kallikrein is a critical regulator of mammary gland involution, and that its activity is required both for secretory epithelial apoptosis and for stromal ECM remodeling and adipocyte replenishment. Overall, inhibition of PKal results in an arrested involution similar to that of the plasminogen-deficient mouse.
We observed that PKal had an effect on the first, apoptotic stage of mammary gland involution. Inhibition of PKal activity caused a 2-3-day delay in epithelial apoptosis, resulting in an overall delay in mammary gland involution. However, PKal clearly was not solely responsible for apoptosis during involution, since by day 3 of involution the PKal-inhibited glands began to undergo apoptosis at approximately half the rate of controls. Therefore it is likely that under conditions of systemic PKal inhibition with ecotin-PKal, the availability of other plasminogen activators dictates epithelial apoptosis. Interestingly, tPA and uPA expression increases in the second, remodeling phase of involution (27) . In combination with the lack of phenotype in the tPA; uPA double-null mice, this suggests that PKal activation of plasminogen is required especially in the early phase of involution because it is the only plasminogen activator available (Fig. 8) .
Our data indicate that PKal is necessary for the mammary gland stromal remodeling and adipocyte replenishment that are the hallmarks of the second phase of mammary involution. Without PKal activation of plasminogen, the collagen-rich mammary stroma cannot be remodeled to induce the return of mature adipocytes, which require the removal of the fibrotic ECM to upregulate lipogenic genes and deposition of a new basement membrane (28, 29) . In keeping with this scenario, PKal-inhibited mammary glands had more collagen and fewer and less-mature adipocytes. Even after 5 days of recovery from PKal inhibition the mammary glands had not fully involuted. Although PKal has a little fibrinolytic activity of its own (11), its main ECM proteolytic function is thought to be in the activation of plasminogen either directly or through activation of pro-uPA (8) and perhaps pro-tPA (32), depending on the local context. Even though tPA-null, uPA-null, and tPA; uPA doublenull mice have no mammary gland involution phenotype (4), it is not clear whether PKal alone can account for plasmin levels in these plasminogen activator-deficient glands that would be necessary for them to avoid the phenotype of plasminogendeficient mice. However, recent evidence supports this possibility in the plasmin-dependent process of skin wound healing, where only tPA; uPA double-null mice treated with ecotin-PKal resulted in impairment comparable to that of plasminogen-deficient wound healing (11) . Future studies in which tPA; uPA double-null mice are treated with ecotin-PKal during mammary involution could help confirm whether PKal, not tPA or uPA, is the primary activator of plasminogen in mammary gland involution.
It is also possible that the mechanism for PKal effect on mammary epithelial apoptosis during involution is not exclusively plasminogen-dependent. PKal's other, better-known role, as the activator of bradykinin through its release via proteolysis of high molecular weight kininogen, may also contribute to involution through the bradykinin effect on blood pressure, nitric oxide formation, and/or angiogenesis (33). To separate these two avenues of PKal activity, further use of ecotin-PKal in studies of the intrinsic coagulation cascade, as well as development of tools such as the PKal-deficient mouse, could help elucidate the targets of PKal during mammary gland involution.
Our study also identified new patterns of expression and activation for plasma kallikrein. We detected Klkb1 mRNA in the mammary gland, and determined that it is up-regulated in the gland during pubertal development and postlactational involution. Recent studies on the human prekallikrein promoter suggest that the promoter region has both repression and enhancer regions, as well as multiple alternative transcription initiation sites (34) , providing multiple means for tissue-specific control of PKal transcription. It is interesting to speculate as to why PKal would be produced locally in tissues that would already potentially have a large reservoir of prekallikrein available through their vasculature. One hypothesis is that the source of PKal determines its substrate(s), either by bioavailability or by method of activation. Further studies to determine the tissuespecific regulation of PKal transcription could help establish whether systemic or local expression of this plasminogen activator is more important to the function of PKal during physiological processes such as mammary gland involution.
We took advantage of the development of ecotin-PKal to pinpoint the site of active PKal in the mammary gland. Surprisingly, using biotinylated ecotin-PKal as a probe for the active protease, we localized PKal in mammary gland and other tissues to connective tissue-type mast cells. While this result is intriguing, it poses an experimental difficulty in that connective tissue-type mast cells are not easily isolated from tissues, and differentiation of primary bone marrow cells into mast cells with interleukin-3 results in less mature mast cells of the mucosal phenotype (35), which were not positive for ecotin-PKal.
Furthermore, localization of PKal to mast cell granules was dependent on the activation state of the mast cells. Stabilizing mast cells through treatment with cromolyn sodium changed the localization of PKal so that mast cell granules were no longer PKal-positive, but instead active PKal was pericellular. One potential explanation for this observation is that cromolyn sodium may block endocytic pathways that would allow uptake of active PKal into mast cells, which may serve to sequester PKal from the extracellular environment. Alternatively, if mast cells are a source of prekallikrein production in the mammary gland, they may be able to activate and/or release PKal through exocytic pathways independent of mast cell granules. However, these hypotheses are complicated by our observation that active PKal was not detected in DPPI-deficient mammary gland mast cells. DPPI-deficient mast cells have reduced activation and/or expression of granule-associated proteases (12, 25) , and thus mast cell protease activity may be required for PKal activation and/or sequestration to mast cell granules. In either case, these results identify a new pathway for plasma kallikrein activity and activation that has not been associated with mast cell granules previously and point to the need for further studies on the role of mast cells in mammary gland development.
In summary, we observed that PKal is the predominant plasminogen activator in the mammary gland during involution, and that PKal is locally expressed in the mammary gland and the active protease localizes to mast cell granules. This study establishes a plausible relationship between mast cells, PKal, and plasmin conversion in the mammary gland that represents a novel pathway for the plasminogen activation cascade. Given the diverse functions of plasmin in physiological processes including fibrinolysis, wound healing, and activation of the complement system, it is important to better understand how plasminogen is specifically activated by upstream factors, and how those factors may be selectively inhibited to mediate plasmin activity better in pathological and therapeutic processes.
